The formalism necessary to understand the phenomenon of CP nonconservation as observed in the neutral-kaon system is presented. The distinction between indirect CP violation and direct CP violation is made, and the level of understanding of the phenomenon in the standard model is reviewed. Attention is placed on new experimental efforts that could definitely establish a first-order or direct effect. The authors analyze the potential for such an observation in both kaon and B-meson decays and give the range of predictions from the standard model. Other possible models are considered briefly.
I. INTRODUCTION Discrete symmetries have played a major role in particle physics. The three main symmetries are P, space inversion; T, time reversal; and C, particle-antiparticle interchange. Each of these symmetries relates one state or process to another (mirror) state or process. The test for the validity of these symmetries involves comparing the rate of a process and the mirror process.
Each of these symmetries is known to hold for quantum electrodynamics.
It was originally assumed, either explicitly or implicitly, that these hold for the strong and weak interactions. The discovery in 1957 of the large parity violation in weak decay processes led to a reconsideration of the validity of all three symmetries (Lee, Oehme, and Yang, 1957) . General principles of relativistic local quantum field theory yield the result that the product CPT should be a good symmetry (Luders, 1954) . It soon become clear that, in weak processes like pion decay, there was large P and C violation but that CP and T symmetries seemed to hold. The universal V-A theory developed in 1957 and 1958 embodied these symmetries.
In 1964 Christenson, Cronin, Fitch, and Turlay (1964) discovered CP violation in the decay K -+2m. To the present time the only evidence for CP violation comes from K decay. From the point of view of strong interactions, the K is a particle with strangeness S =+1 with the T symmetry. In the theoretical analysis in this paper, we shall assume CPT invariance. In fact, it is possible to use the data on CP violation in K decay to provide stringent tests of CPT invariance (Carosi et al. , 1990; Karlsson et al. , 1990) . e cm for the neutron (Smith et al. , 1990 ) and about 10 e cm for the electron (Abdullah et al. , 1990) . After the discovery of CP violation, many theories were published the explain the result. With (Lee, 1974 ).
In the standard SU(3) X SU(2) XU(1) gauge model with only one Higgs doublet field, the only possibility for CP violation is in the complex coefficients of the Yukawa interaction. In the original form of the theory with only two generations of quarks, there is, in fact, no CP violation, because it can be shown that all the complex phases can be removed as a result of flavor symmetries. It was shown by Kobayashi and Maskawa (1973) =43.67+0. 14' .
We are now left with the following parameters describing weak interactions for the A" system. CP-conserving: M& -M2, I " I 2, ReAO, ReA2.
Indirect CP violation: m'. Direct CP violation: ImAO, ImA2. I We can relate the CP-conserving parameters to wellknown (Particle Data Group, 1992) This value has 'been deduced (Ochs, 1991) from (2.5)
The value ReA2 is determined from the decay rate for K+~~~u sing isospin relations, assuming AI=5/2 transitions can be neglected. A parameter from the strong interactions that is of importance is the phaseshift difference It follows from the b. g =b,S rule that the lepton asymmetry 6 is a result of L -E mixing and is given by 2 Rec.. From these equations we reach a number of conclusions.
(1) The quantity E can be the result of K -K mixing (I') or of direct CP violation (Imago), but there is no way to separate these. In fact, there exists the possibility of choosing a phase convention, via the transformation of the phase of the s quark (s~se' ), such that Imago goes to zero. This is the Wu-Yang (1964) (Mohapatra and Pati, 1975 where C =cosO and S& =sinO. As originally noted by Kobayashi and Maskawa (1973) , it is possible by defining the phase of the quark fields to eliminate all but one of the phases in V. Thus all CP violation in this model depends on the phase y. Experimental data on strangeparticle and B decay rates can determine the magnitudes of V""V, b, and V"b. Given these magnitudes, there is the empirical observation (Wolfenstein, 1983) The CP-violating part of the (K IC-) mass matrix can be calculated (Ellis et al. , 1976 ) from the second-order box diagram (Fig. 2) . The result of the calculation (Inami and Lim, 1981; Buras et al. , 1984) , including QCD corrections (Gilman and Wise, 1983; Buras et al. , 1990; Flynn, 1990) , is well represented for m, )m by - Im( v"d v, b v"f, vgd ) .
There are nine difterent ways of writing J corresponding to crossing out one rom and one column of V and then multiplying together the diagonal elements of the resulting 2X2 matrix by the complex conjugates of the oA'-diagonal elements. From our parametrization, J = C C C& sinO sin~sincr siny = 3 A, g .
(3.8)
The unitarity condition can be illustrated by a triangle (Fig. 1) All CP-violating observables are proportional to a quantity J (Greenberg, 1985; Jarlskog, 1985; Wu, 1986) which is independent of phase convention with a small correction for b~ulv. Kim and Martin (1989) have fitted the inclusive spectrum using a method due to Altarelli et al. (1982) (Suzuki, 1985) and 300 MeV (Allton et al. , 1991) This is distinguished from the predominant b -+chv by observing the end of the lepton spectrum. Various assumptions about the lepton spectrum (Cassel, 1992) (Fig. 2 ). For m, between 100 and 200 GeV, the theoretical result (Ellis et al. 1977; Inami and Lim, 1981) Dib et al. (1989a) 
where 2 is the dominant photon-exchange contribution whose magnitude can be determined from the measured rate. The factor C is the same as in Eq. (4.5); only the axial coupling of the p is relevant for the polarization. Unfortunately, the expected polarization is 0.5% at most.
While the branching ratio for decays of form (4.1) seem too small, Soares (1992) and Ali and Greub (1992) Bardeen et al. , 1987) . (Donoghue, Golowich, Holstein, and Trampetic, 1986) , can result in a nonzero Imd2 starting with the operator Q6. Calculations (Buchalla et al. , 1990) The E731 tracking chambers have 100 pm plane resolution compared to about 750 pm for those of NA31.
Results from the two experiments
Based upon the data taken in 1986, the NA31 group announced (Burkhardt et al. , 1988) (Barr, 1992) . The following were presented:
Re(E'/s) = (17+6.5+7) X 10 and (NA31, '88 preliminary)
Re(c,'/c, ) =(23+3.5+6) X 10 (NA31, '86, '88, '89 preliminary) . This is more than three standard deviations from zero and thus would appear to rule out the superweak model with very high confidence. The error is dominantly systematic.
The E731 group has also reported (Gibbons et al. We give the statistical data samples in Table I The shift in the double ratio from accidental activity is generally greater in NA31 than in E731. This arises simply from the fact that, in E731, the two neutral or charged modes are collected at the same time.
The most significant difFerences between the two experiments are likely the following. NA31 has to be concerned that collecting the two~n (vr vr ) We shall now treat the approaches of each of the two groups regarding these classes of systematics.
Regarding backgrounds, for E731 and NA31, the worst backgrounds were at the level of a few percent, and so these needed to be modeled carefully: a l%%uo shift in tne double ratio corresponds to 1.6X10 in c.'/c. . For the new efForts, the background levels will be substantialIy reduced, so much so that detailed modeling of the residual effects will likely not be necessary. The reduction of the backgrounds is a direct result of the new electromagnetic calorimeter s used by both groups for photon and electron energy measurements. These devices will o6'er the greatest possible precision. The m~decays will be reconstructed with excellent resolution, and this will result in greatly increased background rejection. Background in m+m. comes largely from mev decays, and the new calorimeters, with Inuch better "E/p" resolution, will greatly reduce this as well. Figure 9 shows the new NA48 detector; Fig. 10 (Arisaka et al. , 1991) indicates that a measurement with a precision in the range 2X10 is possible. The KAON facility (Gill, 1990) at TRIUMF can also provide very high-intensity kaons, although at a lower energy, and a measurement of We brieAy discuss the prospects for determining c'/c. at a N factory (Franzini, 1992 ' also induces direct CP violation in other well-known strange-particle decays. However, while c, ' has been determined to be less than 10 and, as discussed, will be measured to a level below 10,no comparable accuracy exists for any other strange-particle decay. Nevertheless, it may be worth considering other decays for the following reasons.
( (Fukawa et al , 1990. ). The branching ratio for the m+m. m decay will also be determined, but it will not be possible to distinguish the CP-conserving from the CP-violating parts.
Thus the techniques presently on the horizon are sensitive to the expected level of CP violation in the mass matrix but will not likely be able to detect any direct efFects.
For studies with charged kaons, one needs copious sources of K +--meson decays. Again there are three possible avenues on the horizon.
The first is the NA48 collaboration, which has considered using its apparatus for charged-K decay studies. To date, the best result on the parameter 3 is 2 =0.013+0.029, and this is based on about 60000 detected events in PS185 at LEAR (Fischer, 1992) . To reach the required statistical level, a luminosity of about 10 cm sec ' is needed, and it appears that this These can be studied by looking for interference effects (Sehgal and Wolfenstein, 1967; Decker et al. , 1984) (Eeg et al. , 1990 ) that these give a still larger CP-violating effect, but a complete calculation sho~s that these are unimportant (Liu, 1992 (Chau and Cheng, 1985) . One needs more than 10 such events to detect even the asymmetry due to mixing, and more than 10 to have a chance of seeing a direct effect. The ideal facility for such an experiment is LEAR; however, more than 10" produced K ' It is possible also that there are direct decay amplitudes that could be CP violating.
In the case of the decay K+ -+~+~y , there has been a long-term interest in the possibility of direct decays (Costa and Kabir, 1967) It is possible indirectly to measure the photon polarization through its internal conversion to an e+e pair giving the process Kl~~+~e +e, which has recently been observed (Wah, 1992 'Sehgal (1988 'Sehgal ( , 1990 ).
Ko d T g (1991)
. 'Morozumi and Iwasaki (1989) . Flynn and Randall (1989a) ' Pich (1990) . 'Donoghue et al. (1987a) . gKo (1991 The situation is significantly different, when m, becomes larger than m (Dib et al. , 1989b; Flynn and Randall, 1989b) . One then begins to get a significant contribution from the box diagram and a contribution from the electroweak penguin s -+d + Z* that grows asymptotically as I,. These are the same diagrams that contribute to E' (Fig. 6) Gilman (1989b) find that the branching ratio for direct CP violation is Bd;,(&I~~e +e )=10 (A A, il) (c, +c~2) =(5X10 ")A q (c"+c~~) . (7.4) within a factor of about 5. Given the uncertainties in the CP-conserving contribution and in B;"d (Table IV) , the measurement of the branching ratio by itself, while very interesting, cannot be taken as proof of direct CP violation. It was pointed out by Sehgal (1988) that interference between the CP conserving and CP-violating amplitudes could be detected by observing the CP-violating asymmetry between the e + and e spectra. However, this could be due to either the direct or the indirect CP violation and, in fact, is insensitive to the C~t erm which will dominate the direct CP violation at high rn, .
B. Status and prospects for KL~m 'e+e
The current experimental sensitivity is still far from the expected levels. The two best 90%%uo-confidence-level limits are 5. 5X10 from BNL 845 (Ohl et al. , 1990) and 7.5X10 from FNAL E731 (Aihara et al. , 1990 (Barker et al. , 1988; Wah, 1992 (Barker et al. , 1988 Greenlee (1990) , which satisfies all kinematic discrimination except for the criterion that the invariant mass of the yy system be that of the m. . Thus During the same experimental run, it is expected that about 10 Kl~m yy will be collected with background at the 20go level; this will allow a branching-ratio determination at the few-percent level and a good measurement of the Dalitz plot, which should greatly help in determining the CP-conserving contribution.
To reach the level of the standard model, one will very likely need even more sensitive experiments, those at a dedicated kaon facility or factory. The experiment has been considered using the Main Injector at Fermilab. A conceptual design study (Arisaka et al. , 1991) estimated that a determination of the branching ratio could be made at the 25%%uo level if the central value were 4X 10 In addition, the decay Kz~m ee could be seen with a sensitivity below 10 ", which should be more than enough to determine accurately the indirect contribution.
Assuming the measurement of KL~yy restricts the CP-conserving contribution to a value below 10 ' and that the measurement of K&~~e +e provides a good measure of (B;"d), then The process KI~m vv has been considered by a number of authors. There are potentially two contributions: a direct CP-violating one from the dominant K2 and indirect CP violation from the K& contamination in the KL .
The CP-violating contribution arises from the diagrams of Fig. 4 and is given by the same equation as that for K -+m+vv [Eq. (4.6)], provided one includes only the g te'rm and corrects for the difFerence in K+ and KL rates.
The resulting branching ratio summed over three neutrino Aavors is B(K2~m. vv)=8X10 " (m, lm ) ( 7.6) We note that the branching ratio increases approximately like the square of the top mass, and the CP violation is manifest in the proportionality to q .
The CP-conserving contribution from the K, piece of the KL can be limited using the upper limit for the corresponding K+ -+~+vv transition. In fact, the rate for the K, transition is expected to exceed that for the K2 by a factor of roughly 25, but the very small admixture of K& in the KI makes this contribution negligible. We then have the branching ratio for KI -+m vv given by Eq.
(7.6).
From the discussion in Sec. III, one expects 2 q to lie between 0.1 and 0.5. The mass of the top quark has been determined from precise data from LEP to be about 140+40 GeV/c . Thus B (KI~m vv) could be as large as about 10 ' . The central value is about 2X 10 D. Status and prospects for KL~m 'vv Since this decay is pure direct CP violating, it should be seriously considered (Littenberg, 1989). The experimental signature is a sjngle unbalanced m . The lack of a more distinct signature makes for severe difFiculties in background rejection. One of the most important backgrounds is likely to be KL~2m, where two photons are missing. To reach the level of the standard model, one would have to reject this background by about a factor of 10, or about 10 for each photon; this would require a nearly perfectly hermetic detector. At Brookhaven, for the experiment searching for K+ -+m+vv, an inefIiciency below 10 has been achieved for relatively low-energy photons (20 -220 MeV); the main contribution to the ineKciency appears to be due to the photonuclear efFect where a photon interacts strongly with a nucleus in the veto counters, leaving little signal (Marlow, 1990) . A study of this process for the higher-energy photons of 30 to 700 MeV has been made, and it appears that the necessary rejection could be achieved in an experiment using the Fermilab Main Injector as a source of very highintensity and high-energy neutral kaons (Arisaka et al. , 1991) . At other laboratories there have also been studies of the potential to study this decay (Bryman, 1991; Inagaki, 1991 For future searches of this type, the first can be further reduced with excellent electromagnetic calorimeter resolution together with TRDs {transition-radiation detectors) for particle identification, while the second can be significantly reduced by detecting the neutron (which almost always remains within the kaon beam) and by demanding sufFicient transverse momentum for the m . It is likely that a sensitivity in the range of 10 will be reached in the second phase of E799.
VIII. CP VIOLATION IN 8 DECAYS
Soon after the discovery of the third generation, many authors discussed the possibilities for studying CP violation in the decays of B mesons. With the measurement of the B-meson lifetime, it became apparent that the CKM matrix had a hierarchical structure, as noted in Eqs. (3.3). As a result, it became apparent that the CKM matrix in the form (3.6) could contain relatively large phases in the V"b and V«elements. Large CP-violating efFects resulting from these large phases are uniquely expected in B decays.
There exists now a large literature on the expected CP violation in B decays. For reviews, see Jarlskog (1989) , Stone (1992) , and Nir and Quinn (1992) . Most of the papers are directed at reconstructing the unitarity triangle (Fig. 1) by determining the angles a, P, and y. If the only CP-violating effect is due to mixing, then the asymmetry parameter a(a) will be independent of the final state a. Thus one can find a sign of direct CP violation by finding decays for which a is different from that for /K'. The obvious choice is the b~u-t ype decays, which at tree level have a different phase from the b~c decays. We consider, in particular, the decays b -+u+u+d .
( 8 7) a(m+rr ) =sin2(P+y) . K (1 -p) (8.9) where K =p + g . This describes the variation of the ratio as one moves along one of the central circles of Fig. 3 . The ratio has a large range of possible values, including the value unity which occurs for (Winstein, 1992) quark, V"b could be taken as real; but then V» would acquire the phase y, so that the CP violation ascribed to 8 -8 mixing would be modified from that given by Eq. (8.6) to that given by Eq. (8.8). As is well known from the K system (see Sec. II), there is no way to separate the mixing and the direct CP violation contributions to c, .
However, the relative phase between the amplitudes (8.5) and (8.7) given by y is a direct CP-violating eff'ect revealed by the diff'erence between a(QKz) and a(m+7r . ).
The ratio of these two asymmetry parameters (Harris and Rosner, 1992; Soares and Wolfenstein, 1993) (Soares, 1991) .
It is possible to get interference between two amplitudes even without penguins in a very special type of decay (Bigi and Sanda, 1988; Gronau and Wyler, 1991 Cornell (Cornell, 1991) , and KEK (KEK, 1990) . The design luminosity is 3 X 10 cm sec
Operating for three full years (10 sec/year) at design luminosity will accumulate about 100 fb and will produce about 10 8-meson pairs. The design luminosity is an order of magnitude greater than is available today, and the machine poses significant challenges, including meeting the requirement of a clean environment around the vertex detectors, which must be close to the interaction point. At present none of the proposals has official approval.
For our purposes, perhaps the easiest measurement to make with such a facility is the asymmetry in the decay to /ICE. The branching ratio is known (4X 10 4) and the decay has been reconstructed with little background. With the 100 fb ' exposure, it is estimated that the asymmetry into this mode can be determined with a precision of 0.05 to 0.07. Other similar decays, such as 1(K* (Kayser et al. , 1990) , can also be used to determine the same (quark level) asymmetry; however, it will be prudent to regard these as "insurance" against possible shortfalls elsewhere. (Winstein, 1992) .
The technique (Gronau and Wyler, 1991) Several groups (Castro et al. , 1990 (Castro et al. , , 1991 Ellett et al. , 1991) have analyzed the possibilities; these have recently been summarized (Fermilab, 1992) . There are a few key ingredients that a detector would need in order to make meaningful measurements of the expected asymmetries in the neutral-8 decays. These are a three-dimensional vertex detector, the ability to trigger on secondary vertices, and K/m particle identification.
The (Muller, 1993 (Nir and Silverman, 1990 (1) The value of c is primarily determined by the superweak interaction. The papers that consider the KM parameter g (Liu and Wolfenstein, 1987a; Deshpande et al. , 1992) find that g determines the value of E', which may be within an order of magnitude of the standard model prediction. On the other hand, it is possible to force i) to zero by a discrete symmetry (Bigi and Sanda, 1989; Lavoura, 1992) .
(2) The FCNE may provide significant CP-violating effects in rare processes such as KL~p p (Liu and Wolfenstein, 1987a (direct CP violation) as well as in E -K mixing in second order. The calculation of E /e (D'onoghue and Holstein, 1985) is very uncertain, but the order of magnitude is 10 if one tries to explain the value of E entirely from this cause. In this case, also, one tends to obtain too large a value for the electric dipole moment of the neutron (Anselm et a/. , 1985; Khatsymovsky et al. "1987; Bigi and Sanda, 1989 Garisto and Kane, 1992) , but the effects are probably too small to be observed.
Another possibility is to add heavy quarks to the theory that are singlets under the usual SU(2), so that they do not have the normal weak interaction. As a result of mixing between the singlet quarks and the usual quarks, there will be FCNE involving the Z bosons, since the GIM (Glashow-Iliopolis-Maini) mechanism is violated. If the mixing is large enough, this Z exchange could provide a superweak mechanism for B -B mixing (Nir and Silverman, 1990 ).
Gauge theories that go beyond the standard model involve larger groups that can be decomposed to SU(3)XSU(2)XU(1)XG. These models may be superweak if 6 involves a horizontal symmetry, so that the gauge bosons in 6 change flavor and may allow AS =2 at tree level (Mohapatra et al. , 1975; Yanagida, 1978, 1979; Shanker, 1981; Joshipura and Montvay, 1982 Still another class of superweak models (Barr and Zee, 1985) involves the exchange of diquarks. These are constructed with spontaneous CP violation such that there is no KM CP violation.
One of the simplest extensions of the standard model gauge group is the "left-right" theory with the group SU(2)I XSU(2)z XU(1). Mohapatra and Pati (1975) Mohapatra (1989) 
